Abstract-This paper presents the results from a parametric simulation study that was conducted to optimize the design of a high-current 4.5 kV half-bridge Si-IGBT/SiC-JBS hybrid module for medium voltage hard-switched power conversion as well as to compare the performance of the hybrid module to the all-Si configuration. The simulations are performed for a circuit that emulates hard-switched conditions similar to a full wave inverter and utilizes validated electro-thermal models for the 4.5 kV Si IGBT, Si PiN diode, and SiC JBS diode and a validated thermal model for the module package. Simulations for various circuit and module parameters including the size and number of SiC JBS diode chips, gate resistances and switching frequencies are used to design the module to be used for demonstration in a Naval power converter application.
INTRODUCTION
Medium-voltage (4.5 kV-6.5 kV) IGBT modules have many applications ranging from medium-voltage and highpower motor drives to HVDC and flexible AC transmission system (FACTS) converters. The anti-parallel diodes in these modules are the major limiting factor in performance due to losses and current stress that result from their poor reverse recovery characteristics. This has become a critical problem for Naval applications which require medium voltage power systems to be built on relatively small platforms due to the large increase in electrical power demanded by e.g., hybridor all-electric propulsion, high power radar and new weapons systems. The 4.5 kV SiC JBS diodes developed in [1, 2] and the 4.5 kV Si-IGBT/SiC-JBS hybrid modules being developed in this work are motivated by this critical need. It is expected that the use of these hybrid modules for the Naval platform will enable reduced size, weight, and cooling requirements and will result in improved operational capabilities and significant fuel savings.
The purpose of this paper is to perform a parametric simulation study to optimize the design of a high-current 4.5 kV half-bridge Si-IGBT/SiC-JBS hybrid module for medium voltage hard-switched power conversion as well as to compare the performance of the hybrid module to the allSi configuration. The simulations are performed for a circuit that emulates hard-switched conditions similar to a full wave inverter and utilizes validated electro-thermal models for the 4.5 kV Si IGBT, Si PiN diode, and SiC JBS diode and a validated thermal model for the module package. Simulations for various circuit and module parameters including the size and number of SiC JBS diode chips, gate resistances and switching frequencies are used to design the module to be used for demonstration in a Naval power converter application. Fig. 1(a) is a schematic of the circuit used for the electrothermal simulations and Fig. 1(b) is the topology of the 60 A, 4.5 kV Si IGBT/SiC JBS half-bridge power module electrothermal model. To mimic the device voltage, current and heating stress conditions of a full wave PWM inverter in a circuit that enables rapid simulation, the boost converter shown in Fig. 1(a) is chosen to operate with a 50% duty cycle with a one-quarter 50 Hz sine-wave on and one-quarter off where the circuit response time is chosen so that the current rises similar to that of the 50 Hz sine-wave. In the half-bridge power module model, the junction temperature node of each power semiconductor device is connected directly to the thermal node Junction of the chip thermal model connected between nodes Junction and Header; while the module package is connected between nodes Header and Spreader. The Spreader is connected directly to the Tnode (ambient temperature) for the simulations in this work but could alternatively be connected to a heatsink or cooling system thermal model. 
II. ELECTRO-THERMAL SIMULATION METHODOLOGY

III. MODEL DEVELOPMENT AND VALIDATION
A. Model Development
The 60 A, 4.5 kV half-bridge Si IGBT/SiC JBS power module in the schematic Fig. 1(b) is modeled using the previously developed models for Si IGBTs in [3] , for Si PiN and SiC JBS diodes in [4] , and for the module package in [5] , where model parameters for the specific components were extracted using recently developed parameter extraction tools.
B. Model Validation
Model validation results are shown in Figs o C, respectively. The results indicate that the junction capacitance of the SiC JBS diode is approximately eight times larger than that same current-rated Si PiN diode. Although the capacitance is larger, it still produces far less reverse recovery charge than the Si PiN, as shown below, and the capacitance is better behaved in that there is no possibility of an abrupt (snappy) change in capacitance as there is with the PiN diode under certain conditions. 
IV. ELECTRO-THERMAL ANALYSIS OF THE HALF-BRIDGE SIC MOSFET/JBS POWER MODULE
To avoid running the full electro-thermal simulation for the time required to reach steady-state temperature, a temperature initial condition iteration strategy similar to that defined in [6] is used. This is accomplished using a thermal power source at the thermal terminal of each semiconductor device to set the initial temperature distributions. These initial power source values are iterated until the average dissipated power for each semiconductor device obtained at the end of several 50 Hz cycles of a full electro-thermal simulation matches the initial conditions.
A. Electrical Operation and Thermal Response
As an example, Fig. 12 shows the temperature waveforms at the chip surface TJ (Junction) and chippackage TH (Header) for (a) Si_IGBT1 and (b) SiC_JBS2 as shown in Fig. 1(b) for a full electro-thermal simulation of the circuit in Fig. 1(a) with switching frequency of 1 kHz, gate resistances of 20.75 Ω, ambient temperature of 25 o C, and JBS diode area of 0.456 cm 2 . Notice that the chip surfacetemperature waveform of Si_IGBT1 spikes at a 1 kHz rate during the 50 Hz quarter sine-wave phase that the device is switching (e.g., 0 ms to 5 ms) due to the switching energy losses in the Si IGBT that results from charging the capacitance of the other devices in the module at turn on and due to the tail current losses during turn off. Also, notice that the junction temperatures of both the Si_IGBT1 and SiC_JBS2 are cooling after the peak in inductor current (5 ms) and during the phase in which the device is off (e.g., 5 ms to10 ms).
From the temperature waveforms of Fig. 12 (a) , it is evident that the thermal response of the Chip1 determines the Fig. 1(b) ) does not change. Fig. 13 shows the simulated temperature waveforms at TJ and TH for Si_IGBT1 and SiC_JBS2 during the start-up of the converter shown in Fig. 1(a) . For the start-up simulation, the initial condition for the temperature throughout the thermal network is 25 o C. The Chip1 and module package (dbc1) temperature waveforms asymptotically approach the same steady state values of temperature obtained in the iteration method of Fig. 12 after about 500 ms. Fig. 1(b) .
B. Power Dissipation and Switching Energy of Si IGBTs and SiC JBS/Si PiN Diodes
Before Si_IGBT1 is turned on, the inductor current is flowing through SiC_JBS2. When Si_IGBT1 is switched on (t = 94 ms shown in Fig. 14) , the inductor current is transferred from SiC_JBS2 to Si_IGBT1. In addition to the inductor current, Si_IGBT1 also conducts capacitive currents resulting from charging the output capacitances of the other Si IGBTs and JBS diodes within the module. This results in a collector current spike at turn-on (see Fig. 14(b) ) that is larger than the on-state current (55 A) and results in a turnon switching energy indicated in Fig. 14(d) of ESW,ON = 67.4 mJ/cycle. Note that the current spike is a lot higher in the case of Si PiN.
During the reverse recovery of diode SiC_JBS2, the collector-emitter voltage of Si_IGBT1 drops and approaches the Si IGBT on-state voltage. Once the IGBT is fully on, the instantaneous power dissipation is determined by the product of the on-state voltage and drain current. During this on-state phase of the switching cycle (e.g., the time interval between 93 ms to 93.65 ms), the instantaneous power dissipation is small compared to the value of the power spikes during switching events, but the time duration of the on-state phase of the switching cycle is much longer than the switching times. Therefore, the energy-loss waveform rises with a constant slope (determined by the inductor current and the Si IGBT on-state voltage) during the on-state phase of the switching cycle.
When the gate of Si_IGBT1 is turned off (t = 92.65 ms in Fig. 14) , VCE rises to maintain the constant current in the load inductor. During the voltage rise, the load current charges the output capacitances of all of the devices within the module. Once VCE reaches the supply voltage of 2500 V, the collector-emitter voltage is clamped at the supply voltage by the anti-parallel diode on Si_IGBT2. Because the IGBT channel is turned off slowly before the voltage begins to rise, the turn-off switching energy indicated in Fig. 14(d) (ESW,OFF = 306.8 mJ) is larger by more than a factor of 4 than the turn-on switching energy. Table 1 summarizes the results of the parametric module parameter simulation study performed to optimize the module and circuit parameters for best performance in medium voltage hard-switched Naval power conversion. The table shows the total dissipated power (P), and the individual Si IGBT and SiC-JBS/Si-PiN diode dissipated powers (P IGBT and P JBS/PiN ). The components of loss are also indicated for each device; that is, on-state loss (E ON-STATE for Si IGBT and E COND for SiC-JBS/Si-PiN diode), turn-on loss (E SW,ON ), and turn-off loss (E SW,OFF ). Finally, the peak temperatures (T PEAK, IGBT for Si IGBT and T PEAK,JBS/PiN for SiC-JBS/Si-PiN diode) are given for each device. Each case in the table is for a different set of module parameters; that is, the total diode chip areas (A IGBT for Si IGBT and A JBS/PiN for SiC-JBS/Si-PiN diode), gate resistance (RG), and switching frequency (f SW ).
V. RESULTS OF MODULE OPTIMIZATION PARAMETRIC STUDY
The results in Table 1 indicate that the performance of the 4.5 kV half-bridge Si-IGBT/SiC-JBS hybrid module can be optimized for thermal performance by varying power module parameters such as the number of SiC JBS diode chips (JBS area) and that the SiC JBS diode results in lower losses and cooler temperatures for both the diode and IGBT. Fig. 15 shows the comparisons of IGBT turn-on current spike waveforms for both SiC JBS (e.g, Case 2, 4, and 6) and Si PiN (e.g. Case 7) as anti-parallel diodes. It indicates that the turn-on current spike in the IGBT is also reduced substantially by using the SiC JBS diode, enabling the use of a lower gate resistance and higher switching frequency. Fig. 16 shows the IGBT turn-on current spike at different values of gate resistor and SiC JBS die area. Fig. 16 depicts that at the same value of the gate resistor, the larger the SiC JBS die area, the larger is the turn-on current spike in the IGBT. Fig. 16 also indicates that for the same SiC JBS die area, the smaller the value of the gate resistor, the larger is the turn-on current spike in the IGBT. Fig. 17 shows the junction temperature waveforms for the lower Si IGBT (a) and the upper SiC JBS (b) for Case 1 at three different switching frequencies (i.e., 1 kHz, 2 kHz, and 3 kHz). The results indicate that the junction temperature of the Si IGBT increase with frequency while it almost remains the same for SiC JBS. Note that the junction temperature waveform of the Si IGBT is not stable at 3 kHz due to thermal runaway. VI. CONCLUSION A parametric simulation study is presented to optimize the design of a high-current 4.5 kV half-bridge Si-IGBT/SiC-JBS hybrid module for medium voltage hardswitched power conversion as well as to compare the performance of the hybrid module to the all-Si configuration. The simulations are performed using the experimentally validated electrical model for the 4.5 kV Si IGBT and SiC JBS diode, and the developed and validated thermal model for the module package. The simulations are performed for a circuit that emulates hard switch conditions similar to a full wave inverter with a quarter sine-wave current cycle, while only requiring the use of one 4.5 kV IGBT switch and one 4.5 kV JBS diode. The results indicate that the performance of the module can be optimized by varying power module parameters such as the number of Si IGBT and SiC JBS diode chips, gate resistance, and switching frequency. 
